We report on the nanoscale structure and solvent-induced phase behavior of two, nearly similar π-conjugated hairy-rod polymers, branched side chain poly [9,9-bis(2-ethylhexyl)fluorene-2,7-diyl] (PF2/6) and linear side chain poly [9,9-dioctylfluorene-2,7-diyl] (PFO or PF8), in good and bad (or poor) solventssdeuterated toluene and deuterated methylcyclohexane (MCH)sat 20°C. Small-angle neutron scattering (SANS) measurements exploiting contrast variation with side chain deuterated PFO polyfluorene have been employed and complemented by optical absorption measurements. In toluene both PF2/6 and PFO adopt an elongated (rodlike) conformation containing predominantly only a single polymer chain (diameter of the order of 1 nm), which indicates dissolution down to the molecular level. In contrast, in MCH, PF2/6 shows an elongated structure while PFO forms sheetlike structures (characteristic thickness of 2-3 nm), thus dissolving down to the "colloidal" level. The elongated structure of PFO consists of individual polymer chains adopting dominantly a conformational isomer C R . The thickness of sheetlike PFO particles corresponds to that of around two polymer layers and side chain contrast variation gives an evidence for an even distribution of the backbones within the sheets. These sheets are potentially an initial stage of PFO crystallization and also contain conformational isomer C of those chains observed in the so-called beta-phase (or beta-sheets) in the solid state. The observed phenomena were not found to depend on concentration over the concentration range 5-10 mg/mL. 1 c ) ( 2π q 2 ) π ∫ 0 ∞ p T (r) cos(qr) dr ) ( 2π q 2 ) I T (q) (5)
I. Introduction
Understanding of macromolecular self-organization 1 is essential in the physics and materials science of hairy-rod polymers. 2 An important class of self-assembling hairy rods are π-conjugated polymers 3 such as poly(fluorene-2,7-diyl)s (PFs) [4] [5] [6] with excellent stability and optoelectronic versatility. The branched side chain poly [9,9- bis(2-ethylhexyl)fluorene-2,7-diyl] (PF2/6), [7] [8] [9] [10] [11] [12] [13] corresponding oligomers, 14, 15 and linear side chain poly [9,9- dioctylfluorene-2,7-diyl] (PFO or PF8), [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and its homologues such as poly [9,9- dihexylfluorene-2,7-diyl] (PF6) 28 represent structural archetypes of PFs. These polymers are excellent model compounds and are heavily studied in the solid state and films. Distinctive to all the findings to date is the striking physical difference between these two materials despite their close chemical resemblance; they have almost the same chemical formula and chemical structure (Figure 1 ). Yet the major distinguishing feature is that of the chain morphology. PF2/6 always adopts a helix with a single ensemble average distribution in chain conformations leading to nematic, hexagonal, and isotropic phases. Consequently, the photoabsorption and photoluminescence of PF2/6 are essentially independent of its phase and processing. In contrast, the chain planarity of PFO can vary in wide limits representing various different conformational isomers (denoted as C R , C , ...) defined by the torsional angle between the monomers. 26 This variation is in turn reflected by the polymorphism of crystalline R-phase and metastable R′phase, mesomorphic and metastable -phase, and amorphous, glassy, nematic, and isotropic phases with complex transitions. Accordingly, the isomers and different "phases" of PFO show significant photophysical differences despite their identical chemical structure.
Not surprisingly, most efforts in structural and phase behavioral investigations of PF2/6 and PFO have hitherto been focused on the studies of thin films, the application environment of π-conjugated polymers. Instead, the literature of solution structures of these polymers 12, 29, 30 is less comprehensive. However, as shown for example for poly (9,9- dioctylfluoreneco-benzothiadiazole), 31 thin film morphology is related to the solution structure and can be controlled by varying the casting solvent. A prime parameter to control the solution structure of polymers is of course the phenomenological solvent quality: Here a solvent where the polymer chain maximizes the † University of Durham. ‡ [9,9- bis(2-ethylhexyl)fluorene-2,7-diyl] (PF2/6) and poly [9,9- dioctylfluorene-2,7-diyl] (PFO). polymer-solvent contacts becoming extended is referred to as a good solvent. Correspondingly, a solvent where the flexible polymer minimizes solvent-polymer contacts to such a degree where the polymer chain forms a condensed globule is referred as a poor solvent. 1 Rigid 32 or semiflexible 33 polymers are not able to form close collapsed globules, and therefore the term poor solvent refers rather to the phenomenological state where several chains start to form condensed aggregates. When limiting our discussion to π-conjugated hairy-rod polymers, we may for example note that poly(p-phenylenesulfonate)s form cylindrical 34 and poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) disklike 35 micelles in a poor solvent.
PFO is known to show solvatochromic effects. 36 In one particular example it has been demonstrated that the variation between a phenomenologically good (toluene) and a poor solvent (methylcyclohexane (MCH)) influences absorption/ emission of PFO. 37 This effect depends on temperature but is independent of the polymer concentration in the range of 3-25 µg/mL. 37 On the basis of optical observations, the following hypothesis was put forward. It has been thought that PFO forms "ordered" regions which act as efficient energy traps and quench the fluorescence from the "disordered" regions. As it is controversial how order is realized in solution, explicit structural data would be useful.
In the above mentioned previous study the "ordered" regions of PFO were denoted as a -phase. 37 Attention should be paid to the loose variations in the interpretation and/or terminology concerning the -phase. This may either refer to the intermolecular solid-state structure or one conformational intramolecular isomer with torsion angle of the order of 160°-165°. Most generically, the term -phase simply refers to the low-energy absorption/emission state of the chain, rigorously disregarding any implications about the 3-dimensional order. All this may also be a phenomenological oversimplification, and the origin of the discussed absoption/emission state may stem from far more complicated self-organization in terms of mean packing between two distinct average chain shapes over short distances. In general, it is inaccurate or wrong to talk about solution using terms that elsewhere refer to the real solid-state order, and therefore the analogy is phenomenological at best. The explicit structural studies of the solutions where the -phase is suggested to exist might presumably clarify this issue in part.
Small-angle X-ray scattering (SAXS) 38, 39 and small-angle neutron scattering (SANS) [40] [41] [42] [43] 35 are commonly used to study π-conjugated hairy-rod polymers in solutions. The characteristics of PF2/6 29, 12 and PF copolymers 44 have been probed in deuterated toluene, but studies in other solvents seem to be scarce. As small-angle scattering probes specifically the nanometer scale, the particular dimension of self-organized phases, this is an ideal but little utilized tool.
In this paper, we present a SANS study of PF2/6 and PFO in toluene and MCH at 20°C with contrast variation achieved using deuterated side chain PFO. The same systems were also studied by optical density measurements. The objectives of this paper are threefold. First, the aim is to demonstrate essential differences in the solution dependent phase behavior of the archetypical hairy-rod polyfluorenes in good and poor solvents. Second, the aim is to provide a quantitative structural characterization for the prime PFs in the concentration range used in film formation in optoelectronic applications. The particular aim is to extend our previous experimental and modeling studies of PF2/6 in toluene. 12 Third, the aim is to relate the findings of the previous optical study of PFO 37 in structural features, in particular in the case where absorption and emission data suggest the existence of -phase in solution. Considering the significant difference in concentration between these two studies, any analogy is as yet quite phenomenological.
We build our arguments on the decays of the SANS curves with the magnitude of the scattering vector and thereafter on the indirect Fourier transform method and on the fits to the form factor of rod and sheet as well as characteristic features found in the optical densities. We find that both PF2/6 and PFO assume a thin (∼10 Å) and long (>700 Å) rodlike 45 conformation in toluene. However, the situation is different in MCH, where PF2/6 adopts an elongated structure, whereas PFO forms large (∼1000 Å) and thin (∼20 Å) sheetlike aggregates. PFO takes predominantly a conformation isomer C R in toluene and a combination of at least C R and C in MCH. The thicknesses of all rodlike objects are in accord with those of single polymer chains. The thickness of PFO sheets in MCH corresponds in turn to the thickness of around 2-3 polymer layers. The internal structure of these aggregates cannot be revealed in detail, but the backbones are potentially evenly distributed within the sheets. Thus, the rodlike particles indicate dissolution down to molecular and the sheetlike particles down to colloidal level. No evidence for three-dimensional aggregates (at or beyond nanoscale) was seen. The observed phenomena were found to be essentially concentration independent over the concentration range 5-10 mg/mL.
II. Experimental Section
PF2/6 (M n ) 39 kg/mol, the weight-averaged molecular weight (M w ) ) 58 kg/mol) and PFO (M n ) 49 kg/mol, M w ) 132 kg/mol) ( Figure 1 ) were prepared following the microwave-assisted Yamamoto-type polymerization with Ni(COD) 2 catalyst. 6, 46 Poly[9,9-bis-(di-n-octyl-d 17 )fluorene-2,7-diyl] (PFO-d 34 ) (M n ) 119 kg/mol, M w ) 194 kg/mol) was prepared similarly but with the nondeuterated 2,7-dibromo-9,9-dioctylfluorene monomer being replaced by the deuterated equivalent containing octyl-d 17 side chains. The estimated densities used were 0.97 g/cm 3 for PF2/6 7 and 1.0 g/cm 3 for PFO. 23 For SANS, the polymers were dissolved either in toluene-d 8 (99.5% D, Cambridge Isotope Laboratories Inc.) or in methylcyclohexane-d 14 (99.6% D, GOSS Scientific Instruments Ltd.), MCHd 14 . Concentrations were 5-10 mg/mL. PFO and PFO-d 34 were dissolved in toluene and PF2/6 in both solvents by stirring for 5 min at 20°C. These samples were then measured as such. PFO is not soluble in MCH at room temperature at the highest concentrations. Therefore, it was first heated to 80-85°C and stirred for 5 min until completely transparent solutions were observed. These samples were then cooled from 80-85°C to -25°C for 30 min and then slowly warmed to 20°C before measurements. Parallel sets of materials were cooled to 20°C without the low-temperature cycle. Prepared MCH-d 14 solutions of PFO are very viscous or gellike at room temperature, and PFOs tend to macrophase separate in a few days after preparation. However, all measurements were done immediately after sample preparation, and macrophase separation was not observed during the measurements (in a few hours).
SANS measurements were performed using the Yellow Submarine instrument at the BNC in Budapest, Hungary, 47 and the SANS-1 instrument at the GKSS Research Centre in Geesthacht, Germany. 48 Several sample-to-detector distances (from 0.7 to 9.7 m) and wavelength from 5 to 12 Å were employed to cover the range of scattering vector q from 0.005 to 0.3 Å -1 . The samples were filled in Hellma quartz cells of 5 mm path length and placed in a thermostated holder, kept at 20.0 ( 0.5°C. The raw scattering patterns were corrected for sample transmission, room background, and sample cell scattering by conventional procedures. 49 The isotropic 2D scattering patterns were azimuthally averaged, converted to an absolute scale, and corrected for detector efficiency dividing by the incoherent scattering spectra of 1 mm thick pure water. The scattering from deuterated solvents used for the sample preparation was subtracted as a background; the small incoherent scattering due to the nondeuterated polymer was disregarded. The data for each sample was collected for 6 h on average. Overall, the SANS experiments were reproduced using several parallel samples and two distinct instruments.
The SANS patterns absolute intensities were analyzed using models of rodlike and disklike (or sheetlike) objects according to and using a model independent indirect Fourier transform method (IFT) developed by Glatter. 53 For a solution of stiff cylinders the general expression of the scattering intensity is written as where M is the mass of particle and P(q) is the scattering of a single particle. It reflects scattering contrast and depends on the length and radius of the homogeneous cylinder, L and R. S′(q) is the effective structure factor. It reflects the interaction among particles and depends on volume fraction, L and R.
For sheetlike particles, the general expression of scattering intensity is written as
The polydispersity of the radius R can be accounted by the means of the Schultz distribution f (R) as where 〈R〉 is the average sheet radius and p is the polydispersity index. The latter is related to the spread of the radius distribution
In the IFT analysis, the scattering intensities of rodlike particles are related to the pair distance distribution function of cross section, p CS (r), as where J 0 is the zeroth-order Bessel function and I CS (q) is the crosssectional scattering intensity. For sheetlike particles the scattering intensity is related to the pair distance distribution function of thickness, p T (r), as where I T (q) is the thickness scattering function.
From these expressions (eqs 1-5) the structural parameters of rodlike and sheetlike particles were calculated. More details of the procedures used are described in the Supporting Information.
Photoabsorption measurements of solutions were performed using a Perkin-Elmer Lambda 19 spectrometer and quartz cell of 10 µm path length at 20 ( 2°C. The small path length was necessary because of the high absorbance of the samples. The monochromator resolution was 1 nm.
Differential scanning calorimetry (DSC) measurements were performed using a Perkin-Elmer Pyris 1 DSC. Dry samples of 2 mg and a sweep rate of 10°C/min were used.
III. Results
Poly[9,9-bis(2-ethylhexyl)fluorene-2,7-diyl], PF2/6. PF2/6 has been previously studied using SANS in toluene solution. 12, 29 In toluene, PF2/6 has been found to form one-dimensional elongated particles over the concentration range 1-11 mg/mL. These particles have been interpreted to be composed by individual chains, which imply that PF2/6 is dissolved down to the molecular level. Similar results have been qualitatively observed for polyfluorene-fluorenone random copolymers. 44 In particular, the SANS curve of PF2/6 (M n ) 91 kg/mol M w ) 190 kg/mol) in toluene (9 mg/mL) has been found to be in accord with the molecular mechanics model of the 5/2-helical 20-mer incorporated into the featureless toluene matrix, 12 thus connecting experimental data to the reasonably sophisticated molecular model. The prior study 12 also suggests that there is no concentration effect in the concentration regime used in the present work. Figure 2 plots the SANS data of PF2/6 in 10 mg/mL toluened 8 and MCH-d 14 solutions. The shapes of curves are quite similar for both solvents. The difference in absolute values is due to different scattering contrast normalized to the density of the polymer in toluene-d 8 and MCH-d 14 , ∆F m (PFO in toluene-d 8 ) ) -5.2 × 10 10 cm/g and ∆F m (PFO in MCH-d 14 ) ) -6.2 × 10 10 cm/g. Unsurprisingly, the data of toluene-d 8 solution ( Figure  2 ) are consistent with the previous findings 12, 29 with a slope of around -1 over large q range, indicating one-dimensional rodlike structures. The slope obtained from the data of PF2/6 in MCH-d 14 is also around -1, suggesting essentially similar one-dimensional rodlike structures. SANS data were then analyzed further using two distinct approaches.
First, the data over the whole q range were fitted to the model of stiff cylinders of length L and radius R taking excludedvolume interaction between particles into account. Solid lines in Figure 2 represent fits to the cylindrical (rodlike) model. Model fitting indicates very long and very thin particles in both cases, similar to our previous results on PF2/6/toluene solutions. 12 A corresponding Holtzer plot representation without any sign of flexibility for Kuhn lengths of 4-20 nm is shown in the Supporting Information.
Second, the data in the large q part (q > 0.02 Å -1 ) were analyzed using the IFT method assuming rodlike geometry. The parameters obtained are integral characteristics of cross-sectional radius of gyration, R CS,g , and the cross-sectional scattering at zero angle, I(0) CS . From these parameters we can calculate an average radius of cross section in homogeneous approximation, R c , and the mass per unit length of rodlike object, M L (see the Supporting Information).
Furthermore, the IFT method enables us to calculate the crosssectional pair distance distribution (correlation) function, p(r). Figure 3 plots the cross-sectional pair distance distribution functions corresponding to the data shown in Figure 2 . It is conspicuous that the diameter of cross section of PF2/6 is smaller in MCH-d 14 (8 Å) than in toluene-d 8 (12 Å) . This indicates that toluene swells the polymer presumably by allowing the side chains to elongate. 
The visual consideration of Figure 2 shows that the tail of the curve of the MCH-d 14 solution falls more steeply than that of toluene-d 8 . Therefore, one might expect that the radius of PF2/6 is larger in the former solution while the analysis shows the opposite. This intuitive disagreement stems from the fact that the incoherent residual background relative to the real scattering is higher in toluene-d 8 than in MCH-d 14 . This effect is distinctive here as the particles are very thin, and therefore we need to probe them at very large q. However, the full form factor together with the incoherent background was taken into the account in the IFT analysis and model fitting.
Essential structural parameters fitted to these data both by modeling of homogeneous cylinders and IFT are compiled in Table 1 . The difference in radius of gyration of cross section obtained by IFT and model fitting (the former is larger) suggests that the scattering length density is higher in the outer shell of the cross section. We note that the obtained lengths of cylinders are actually near the limit of our instrument (π/q min ≈ 1000 Å) and should be considered as an approximate lower limit. On the whole, Table 1 indicates strongly that PF2/6 maintains its rodlike conformation both in toluene-d 8 and MCH-d 14 , becoming somewhat thinner in MCH-d 14 .
The results also indicate that the mass per unit length of PF2/6 is essentially the same, 5.5 × 10 -15 g/cm, in toluene-d 8 and in MCH-d 14 (Table 1 ). The mass per unit length of PF2/6 was also calculated from the chemical formula and standard solidstate molecular parameters 54 taking a hexagonal lattice with lattice parameters a ) b ) 16.7 Å and c ) 40.4 Å (a length of five monomers) and with density ≈0.97 g/cm 3 . 37 The result is the same order of magnitude as the measured one, 8 × 10 -15 g/cm.
Poly[9,9-dioctylfluorene-2,7-diyl], PFO. SolVent-Induced Self-Organization of PFO. Figure 4 plots SANS data of 10 mg/ mL PFO in toluene-d 8 and in MCH-d 14 . It is conspicuous that the change of solvent leads to the drastic changes in scattering intensity. At q ) 0.01 Å -1 this is 100 times higher for the PFO in MCH-d 14 than for PFO in toluene-d 8 . Furthermore, the decay of scattering intensity changes distinctively from -1 (toluene- In toluene-d 8 there are rodlike particles similar to those in PF2/6 solutions, but in MCH-d 14 there are much larger objects with apparent planar geometry (sheets or disks). We first discuss the rodlike PFO particles in toluene-d 8 . Then we move on the sheetlike PFO aggregates in MCH-d 14 .
Rodlike PFO Particles in Toluene. The data analysis in the case of PFO/toluene-d 8 was identical to that performed for PF2/6 solutions, and the results are presented in Figure 4 , where a solid line represents fit to the cylindrical model. Figure 5 plots the corresponding pair distribution function obtained by IFT. For comparison, Figure 6 plots SANS data of lower concentration (5 mg/mL) PFO in toluene-d 8 alongside the higher one (10 mg/mL) normalized to the concentration. Solid lines are the fits to the model of stiff cylinders. Deviations between the data could indicate interaction between PFO particles in toluene-d 8 under the conditions studied. However, the data for both concentrations are practically identical, suggesting that there is no major aggregation of polymer molecules in these concentrations. This implies that the interaction between polymers is quite low. Essential structural parameters obtained from both methods are listed in Table 2 . Essentially no scattering was detected for side chain deuterated PFO, PFO-d 34 , in toluene-d 8 (data not shown). The nondeuterated PFO backbone is not detectable due to the size of the monomer. This finding supports our previous conclusions that PFO is dissolved down to the molecular level and that the thickness of the fused-ring system containing only one layer of nuclei is likely not enough to produce sufficient signal to be detected by SANS.
Sheetlike PFO Aggregates in MCH. Figure 7 plots SANS data of 10 and 5 mg/mL PFO as well as 10 mg/mL PFO-d 34 in MCH-d 14 . As mentioned above, the decay of ∼q -2 seen over large q range for 10 mg/mL of PFO in MCH-d 14 is a strong indication of the existence of 2-dimensional aggregates (sheets or disks) and a striking contrast to the rodlike particles in toluene. A small deviation from -2 behavior at low q can arise from the bending of the obviously not ideally rigid sheets. The scattering patterns of PFO dissolved in MCH-d 14 at 5 and 10 mg/mL are essentially similar after normalization to concentration. The strong scattering due to the aggregation produces clear signal from side chain deuterated PFO-d 34 as well and it shows a similar -2 decay as nondeuterated PFO. Unsurprisingly, sidechain deuteration decreases the scattering intensity compared to the completely nondeuterated polymer, and the ratio between I(0) PFO and I(0) PFO-d34 is 210.
SANS data of PFO/MCH-d 14 were analyzed by fitting models of sheetlike particles, polydisperse disks with the mean radius 〈R〉, standard deviation of normal distributed mean radius, σ, and thickness T. Moreover, the data were treated using a modelindependent IFT approach for sheetlike aggregates, which gave the radius of gyration of thickness, R T,g , the scattering at "zero angle", I(0) T , and the pair distance distribution function of thickness, p T (r). These results allowed us to obtain the mass per unit area, M S , and thickness of homogeneous sheet, T S . Figure 8 plots the corresponding pair distribution functions obtained from the SANS data of PFO and PFO-d 34 in 10 mg/ mL MCH-d 14 solutions. The structural parameters thus obtained are compiled in Table 3 .
The thickness of the PFO sheets in MCH-d 8 is 27.8 ( 1.0 Å and that of PFO-d 34 sheets in MCH-d 8 practically the same, 28.8 ( 1.0 Å. Although the difference between the obtained thicknesses is within the experimental error, the small difference seen in the shape of correlation function can give a hint for the inner structure. The p T (r) of PFO-d 34 is somewhat broader and shifted toward larger r compared to that of PFO (Figure 8 ), suggesting that the nondeuterated backbones of the PFO-d 34 s lie close to the outer surface of the sheet, and the side chains are more accumulated inside the sheets. However, a rigorous picture cannot be given at present.
An important question is whether all PFO is forming sheetlike aggregates in the MCH-d 14 solutions. SANS gives an aVerage picture suggesting dominance of the sheetlike particles for PFO in MCH-d 14 . The presence of rodlike particles was investigated at large q where scattering from sheetlike structures in MCHd 14 is significantly lower than that from single chains in toluened 8 (Figure 4) . Incoherent background was also taken into account. However, as shown in Figure 4 , the scattering curve of PFO in MCH-d 14 is dominated by -2 behavior even at high q, indicating dominance of sheets. Altogether, the data show that PFO is dissolved down to the colloidal level in MCH-d 14 and forms sheetlike particles. Free rodlike conformations may Macromolecules, Vol. 39, No. 19, 2006 Solvent-Dependent Self-Assembly of Polyfluorenes 6509
Downloaded by PORTUGAL CONSORTIA MASTER on July 2, 2009 be present, but their fraction is smaller. Comparing the intensities at large q, it is likely to be much less than 50%. Conformational Isomers of PFO in Toluene and MCH. Figures 9 and 10 respectively plot the steady-state photoabsorption spectra of PFO in toluene-d 8 and in MCH-d 14 . The spectra shown in Figure 9 are characteristic for all PFs, and in the case of PFO they are interpreted to arise from the conformational isomer C R (as defined in ref 26). Figure 10 displays a different situation; an additional absorption peak appearing upon cooling at 425-445 nm is commensurate with the conformational isomer C . 26 Essentially similar behavior was observed for 5 mg/mL solutions.
IV. Discussion
Considering the results above the following overall notes can be made. The PF2/6 data are in agreement with an assumption of individual PF2/6 chains in solvents; bunches of several (or even two) chains would not pack well. These observations are well in the line with our previous combination of experiment and molecular modeling. 12 A cross-sectional diameter of the same order of magnitude (1.8 ( 0.5 nm) has been observed elsewhere. 29 The PFO data indicate that in toluene-d 8 PFO forms rodlike particles regardless of the concentration; both the mass per unit length and the length of particles are essentially the same for 5 and 10 mg/mL samples. Like for PF2/6 these aggregates are very long (>70 nm) and very thinsthe radius of cross section of the order of ∼0.5-1 nm. A small radius suggests that the observed particles are essentially individual polymer chains and that PFO is dissolved down to the molecular level. This is also the level where similarities and differences of PF2/6 and PFO in toluene-d 8 should be understood. When the system consists of individual polymer chains, the nanometer scale behavior is essentially determined by the rigidity of the backbone which is the same in both polymers, and hence effectively the same structural parameters are the most plausible result. In contrast, the potential differences in torsion angle due to the slightly different side chains are not observable by SANS. PF2/6 (M n ) 55 kg/mol, M w ) 89 kg/mol) in toluene 29 and PFO (M n ) 34 kg/mol, M w ) 56 kg/mol) in tetrahydrofuran 16 have been previously studied using light scattering, and the persistence lengths of 7.0 ( 0.5 and 8.5 ( 1.1 nm, respectively, have been reported. In our work neither polymer shows major signs of flexibility in the Holtzer plots in the range of 4-20 nm (Supporting Information), and the data fit visually well to the rodlike model. Also, the Holtzer plots (Supporting Information) are in accord with the polydisperse chains with Kuhn segments of the order of g15-20 nm.
When considering the relation between previous reports 16, 29 and the rodlike model (section II) the following further notes can be made. The L values (Tables 1 and 2) do not correspond to the Kuhn segments reported in refs 16 and 29. These values are just parameters which reflect the total length of particles and do not mean their complete stiffness. However, even though the rodlike model underestimates the local bending, it is still illustrative and useful when making a phenomenological distinction between one-and two-dimensional particles. As the apparent flexibility of PFs spreads out of the measured interval of scattering vectors, an application of the semiflexible model would be complicated.
Despite the minimal chemical difference (cf. Figure 1) , PF2/6 and PFO behave completely differently in MCH-d 14 . As indicated by Figure 2 , there is only a marginal solution dependence in the structure of PF2/6 which in both solvents shows a thin rod configuration. In contrast, PFO shows a major difference between rodlike particles in toluene-d 8 and sheetlike in MCH-d 14 (Figure 4 ). Both polymers in both solvents show only a minimal or negligible concentration effect in the concentration range 5-10 mg/mL. Like sheets, the Gaussian coils also lead to the -2 power law. It is however not easy to imagine how indisputably stiff PFO can be described as a coil in a poor solvent. We can also exclude the coil conformation from the behavior at large q interval for 5 mg/mL solutions (Figure 7) where we observe a slope between -3 and -4. This indicates the presence of distinct interfaces between the aggregate and the solvent, while in the case of coils the slope should not exceed -2.
It is an issue how the individual chains and sheetlike PFO aggregates in MCH solutions relate to the crystalline, semi- crystalline, liquid crystalline, or amorphous solid-state phases. To clarify this issue, we discuss PFO in terms of both intermolecular crystalline and noncrystalline phases and intramolecular conformational isomers.
In intermolecular (crystallographic) terms, nematic and isotropic phases can occur at high temperatures (∼160-300°C and above) while it is generally accepted that at the room temperature the solid state is dominated by a stable crystalline R-phase, for which an orthorhombic lattice of eight chains with lattice parameters a ) 25.6 Å, b ) 23.4 Å, and c ) 3.36 Å (crystallographic c-axis being along the polymer backbone) and density ≈1.0 g/cm 3 has been proposed. 23 Another crystalline form, metastable R′, is comprised of a slightly modified orthogonal lattice along the b-axis (b ) 23.8 Å). 25 Room temperature forms also include an (optically isotropic) amorphous phase and noncrystalline, metastable -phase. Although this -phase is generally denoted as noncrystalline, it does give rise to sharp Bragg reflections commensurate with lamellar order with a long period of 12.3 Å. 24 It, however, differs from "real" crystals in a sense that it is rather a mesomorphic phase and requires a presence of absorbed solvent, arising from extended treatment with solvent vapor, for instance. In particular, it has been found as an intermediate stage of transformation from the solvent-induced clathrate structure to the solvent-free crystalline order, R-phase. 24 These phases can further coexist; they are coupled with each other, and it should be understood that the -phase is structurally incompatible with R. 27 Yet this picture is an oversimplification. The overall behavior includes moreover a glassy g-phase. 55 In intramolecular terms, the local inhomogeneities in PFO structure stem from the side-chain conformation (anti and antigauche-gauche), leading to at least three different conformational isomers C R , C , and C γ , 26 which respectively have torsion angles between the fluorene monomers of 135°, 160°, and 150°2 6 (or 138°, 165°, and 155°2 7 ). These variations in the local planarity can have a crossover, but C consists only of a single isomer. The intramolecular variations then relate to the intermolecular framework, most distinguishably to Rand -phases. It is worth noting that the -phase is also a generic term that can simply refer to the low-energy absorption/emission state of the chain without any rigorous connection to the true microscopic structural framework.
To dissolve PFO in MCH-d 14 , heating to 80°C was necessary (cf. section II). DSC measurements indicated that PFO studied in the solid state has an order-disorder transition (ODT) at 79.3 ( 0.5°C. It is known that in solid state above this transition PFO exhibits only the R-phase. On cooling polymer reverts back to the -type conformation although substantial amounts of R-phase remain in material. 17 This represents a kind of solidstate background of our study.
In this work we did not observe an ordered solid-state phase on the nanometer scale. No Bragg peaks or three-dimensional packing were seen. The thickness of PFO rods is always that of the single molecule while the thickness of PFO sheets corresponds to the thickness of 2-3 polymer chains. In this respect solution and solid state are simply and fundamentally different. Therefore, we have chosen not to mix the solid state and solution phenomena or terminology in our discussion and do not denote observed aggregates by term used for the ordered solid state elsewhere. Yet, the intramolecular framework is an issue, and to probe these distances by SANS is unreachable. In contrast, the optical properties of PFO are intrinsic in origin relating to the planarization of the chromophores and thus the conformation isomers. The planarity of conformational isomers was thus indirectly studied by photoabsorption.
Considering the intermolecular structural states, we obtained markedly different conformations of PFO in the two solvent. However, we do not detect any crystalline Ror R′-lattices as understood in solid-state literature but long and thin (radius around 1 nm) rodlike particles and large sheets with thickness of ∼2-3 nm.
Considering intramolecular terms, we note in turn that SANS does not probe local, angstrom scale variations arising from conformational isomers C R and C which, however, are clearly present according to the optical density measurements ( Figures  9 and 10 ). Figure 7 implies that the concentration of sheetlike particles in the PFO/MCH-d 14 system is directly proportional to the overall concentration of PFO. Elsewhere, 37 it has been reported that the feature at 436 nm in the optical spectrum of the ultradilute PFO/MCH system is also directly proportional to the concentration of PFO. These observations may have an implication of equilibrium nature of the coexistence of rodlike molecules and sheetlike particles.
We finally note that the PFO/MCH-d 14 samples are metastable, and they undergo slow macrophase separation in a few days after preparation. It is well-known that the -phase is metastable, 24 which supports the idea that PFO/MCH-d 14 samples are closely related to this phase. The -phase is, however, stable enough to enable diffraction studies (see e.g. ref 24) . In our work all samples were measured immediately after preparation, and the data of an immediately measured sample were found to be identical to that of a test measurement performed 24 h after preparation. Therefore, the phase separation does not significantly influence the measurements or alter our interpretation. However, even in the (hypothetical) case where macrophase separation was quicker, SANS would not detect solid PFO as the scattering arises from the contrast between proton-and deuterium-rich domains of nanometer scale. Thus, the sheets observed for PFO/MCH-d 14 are not crystalline, and they do not locate at the (hypothetical) macrophase-separated particles.
V. Conclusions
In summary, we have investigated solvent-induced phase behaviors of PF2/6 and PFO in deuterated toluene and in deuterated MCH solutions at 20°C. Essential structural parameters based on fits to cylinders and sheetlike structures and on the IFT method have been given.
Although the chemical difference between PF2/6 and PFO is marginal, the physical difference in the solution structure is distinctive. PF2/6 forms thin (∼1 nm) and long (>70 nm) elongated particles in toluene and in MCH, those being somewhat thinner in MCH. We interpret these particles as predominantly single polymer chains with the side chains forming more compact corona in the poorer solvent (MCH). PFO shows a rodlike structure in toluene but sheetlike stucture in MCH. The rodlike structure is analogous to that seen for PF2/6 and also composed mainly by individual chains adapting dominantly a conformational isomer C R as evidenced from photoabsorption spectra. The sheetlike particles (characteristic thickness of ∼2-3 nm) are suggested to comprise of around two polymer layers. Their exact internal structure cannot be given at present, but the measurement with the side-chain deuterated PFO gives some evidence that the backbones are evenly distributed within the sheets. The optical absorption arising from the samples with sheetlike conformation of PFO in MCH correlates well to the absorption of the -phase in the solid state. Hence, the sheets contain conformational isomer C . These sheets can be the initial stage of PFO crystallization, and whether they relate to the -phase of the solid-state PFO has been discussed. All observations were found not to depend on the concentration over the range 5-10 mg/mL.
